A mutant (G le 1) of Escherichia coli selected as being resistant to ampicillin and showing signs of an envelope defect was also found to be tolerant to colicins E2 and E3. The colicin tolerance of G le could be partially repressed by Mg2+ ions. Transition from tolerance to sensitivity and vice versa by shifting the concentration of Mg2+ in the growth medium required several generations. This indicated that synthesis of new envelope material was needed for transition. Previous physiological results have indicated a change in the envelope lipopolysaccharide (LPS) of GIlIel. However, chemical analyses revealed no differences in carbohydrate composition between LPS from Gl lel and its parent strain Gl lal. Genetic experiments showed that the mutation in Gl lel is located at about 20 min on the E. coli K-12 chromosome. The mutation was dominant over wild type in partial diploids with the mutation located on the episome. Because colicin tolerance was the most striking phenotypic effect as a result of mutation in the actual locus, this gene will be named tolD until the exact gene product is known. Spheroplasts formed from Gl lal and GI lel by ethylenediaminetetraacetate-lysozyme treatment did not adsorb colicin E2; however, penicillin spheroplasts of G Ila and G I lel were tolerant to colicin E2. Thus, colicin tolerance can be induced biochemically. It is suggested that colicin tolerance often is a secondary consequence of a change in the cell envelope.
The killing of bacteria by colicins and by abortive phage infection shows certain similarities (32) . Irreversible adsorption of colicins or phages to receptor sites on the bacterial surface initiates a lethal process. These receptors are assumed to be specific and limited in number and can be lost by mutation. Such a mutant bacterium is referred to as resistant to the actual colicin or phage.
Sometimes receptors are common to groups of phages or colicins and even shared by a colicin and a phage (15) . Such conclusions are mainly based on cross-resistance patterns. T-phage receptors have been subject to certain studies of their composition and localization in the Escherichia coli cell envelope (1, 53) , but knowledge about the postulated colicin receptors is poor.
Adsorption of a colicin molecule to the surface of a sensitive bacterium leads to drastic intracellular changes and death of the cell (39) . However, the colicin molecule remains outside the cytoplasmic membrane during this process, accessible to inactivation by trypsin (41) . This conclusion was supported by experiments with radioactive colicin (33) . In cell-free systems, the colicin molecules are harmless (27, 38) .
A model has been proposed according to which the colicin molecule, while remaining at its receptor site, affects the intracellular target indirectly through a specific signal system in which the cytoplasmic membrane would play an important role (39) . To elucidate such a system, Nomura (38) and Clowes (9) had independently selected bacterial mutants to which colicins were adsorbed without being able to transmit their lethal message. Such "colicin tolerant" (tol) mutants have now been isolated by several workers (10, 21, 36, 42, 48) . It has been proposed that tol mutants might not only give information about a colicin transmission system but also enable a sys-BURMAN AND NORDSTROM chromosome, always different from that of the receptor shared by E colicins and phage BF23 (26, 40) . Most tol mutants belong to one of three multiple tolerant classes mapping near gal at 17 min on the E. coli K-12 chromosome map. However, the complexity of this picture has been steadily increasing. Depending on the strain and the colicin used for mutant selection, the frequency of occurrence of a particular mutant type varies greatly. By using only colicin E2 for selection, at least eight different tol mutant classes have been obtained (42) . Furthermore, mutation in one gene may cause tolerance to several colicins with completely different mechanisms of action.
During isolation of ampicillin-resistant mutants of E. coli K-12 (Hfr Cavalli) in this laboratory, several classes of mutants have been found. Mutants of class I are mutated in gene ampA at 82 min on the E. coli genetic map (13) and synthesize 10 times more of the cell-bound penicillinase than is normally found in most E. coli K-12 wildtype strains (29) . Mutations of class II are defined by their doubling of penicillinase-mediated ampicillin resistance on plates (44) without increasing the penicillinase activity of the cells. Mutants of class 11 are changed in the properties of the cell envelope (43) . The physiology of a class II mutant G IlIeI (ampA, tolD; see below) and its class I parent strain Gl lal (ampA) has been studied in more detail (43) . In Gllel the colonies are mucoid, the cell envelope is fragile, and part of the periplasmic penicillinase leaks out. Adsorption of phage T4 is slower in G I lel than in the parent strain Gllal. Gllel also shows high sensitivity to sodium cholate and ethylenediaminetetraacetate (EDTA) and changed resistance to dyes and many antibiotics in addition to penicillins, probably as a result of changed penetrability by these substances through the cell envelope. R-factor-mediated antibiotic resistance is influenced by the class 11 mutation in the same manner as is chromosomal resistance.
Moreover, G I le I is colicin tolerant, and in this paper the comparison between strains G le and GI lal is continued by experiments with colicins of the E group. We show that the class II mutation in G I lel has occurred in a new gene denoted tolD until the gene product is known. The tolD gene is mapped and found to be located close to 20 min on the E. coli K-12 chromosome. Finally, we report that colicin tolerance can be induced by biochemical treatment of the bacterial envelope, and the basis for colicin tolerance is discussed.
MATERIALS AND METHODS
Bacteria, media, and growth conditions. The E. coli K-1 2 strains used are listed in Table 1 . G6 la is a spontaneous mutant of G6l, and Gllel is derived from Gllal (14) . Table 3 ) to the cells was measured. One of the selected clones, G0 lall, was not killed by and did not adsorb colicin E2 (see Table 3 ). Selection of auxotrophs. Selection of auxotrophs was made by the penicillin-recycling method (31) . In this way, the tryptophan auxotroph MS3 1 was isolated from MS3.
Preparation of recA clones. RecA strains (30) were prepared by crossing Hfr KL16-99 (recA) with a his-F-strain and selecting for His+ recombinants. A number of recombinants were restreaked on the selective medium and grown in microculture containers (see below). LA plates were inoculated with the recombinants by replication and ultraviolet-irradiated for different times. About 10 to 20% of the recombinants tested were considerably more ultraviolet-sensitive than the parent strain and were regarded as recA recombinants. They were tested in mating experiments with Gllal used as donor and gave about 10-7 Pro+ colonies per input donor. ProB is a gene which is transferred early by GI I strains.
Mating experiments. Matings by the gradient method (19) were performed in the following way. The strains were grown logarithmically in LB medium, and about 5
x 107 donor cells per ml were mixed with 5 x 10' recipient cells per ml. After incubation for 5 min at 37 C for conjugated pair formation, the mating mixture was diluted 100 times into prewarmed LB medium, and incubation was continued on a slow rotary shaker for another 3 hr to allow complete chromosome transfer and formation of recombinants from the zygotes before plating on selective medium. When selecting biotin prototrophs, the procedure of Reeve and Doherty (47) was followed to deplete the bacteria of biotin.
Characterization of recombinants and mutants. The recombinants and mutants were tested by replication from microculture containers (Bertani, personal communication). These are made of nylon and are autoclavable. They consist of 25 square wells and fit into 9-cm petri dishes. A 0.5-ml amount of medium (usually LB) was added to each well. The wells were then individually inoculated from colonies by means of sterile tooth picks. After incubation, one drop of each culture was They were chilled at the end of log phase (about 10' cells/ml) by pouring the culture over ice at -20 C and harvested by centrifugation in a continuous-flow centrifuge. The cells were suspended in 0.05 M potassium phosphate buffer (pH 7.2) containing 10 Ag of deoxyribonuclease per ml and 5 mM MgCl2. They were broken with 0.17-to 0.18-mm X glass beads (B. Braun, Melsungen, Germany) in a Sorvall Omnimixer, and the envelopes were spun down at 5 C and washed three times with cold water by centrifugation (23 ,000 x g, 20 min). LPS was extracted from envelopes by the phenolwater method (54) or the EDTA method (28) , dialyzed, and lyophilized. Hydrolysis of LPS and analysis of sugars by gas-liquid chromatography was done by the method of Holme et al. (25) with the following modification (T. Holme, personal communication). Excess sulfuric acid used for hydrolysis was neutralized with BaCOs, the precipitate was filtered off, and sodium borohydride was added. Excess of this compound was destroyed by acetic acid. Methanol was added, and the methyl borate formed was evaporated to dryness. Residual water was removed by two washes in ethanol and toluene (1: 1, v/v). The samples were injected into a Perkin-Elmer model 900 gas chromatograph with a 3% ECNSS-M glass column. The column temperature used was 200 C.
N-acetylglucosamine was determined by the Morgan-Elson procedure as described by Ghuysen et al. (16) .
Phosphate was determined by the method of Ames and Dubin (2).
RESULTS
Killing by colicin E2. The class 11 mutant Gl lel and its parent strain G I lal were tested for their response to colicins El, E2, and E3. Figure  I shows that G 1 le 1 survived treatment with colicin E2 and colicin E3 whereas the parent strain G1 la 1 was highly sensitive to these colicins. Both strains were sensitive to colicin El. Colicin E2 was used for the remainder of the experiments described in this paper. The kinetics of killing by colicin E2 is shown in Fig. 2a . Killing of GI lal was rapid, and 10 min was selected as the standard time for incubation with colicin.
We found that Gl lel is sensitive to phage BF23. The same has been shown for the colicintolerant (tol) mutants described by Nomura (38) and Clowes (9) . These mutants adsorb colicins without being killed. The following experiment was performed to show that GI le 1 cells can still adsorb colicin E2. Cultures of Gl lal, Gl lel, and GI lel 1 (4 x I0 cells/ml) were treated with different concentrations of colicin E2. After 10 min of incubation at 37 C, the cultures were centrifuged and the supernatants were assayed for colicin with GI lal as the test organism. At a multiplicity of up to 15 killing units of colicin per bacterium, the supernatant from Gl lal and Gl lel incubation mixtures had no significant killing effect on the test organism (see experiment 1, Table  3 ). The supernatant of the colicin-resistant strain G I la II still contained the amount of colicin that was added initially. Thus, GI lel cells adsorb colicin E2 to the same extent as G I1 a 1 cells, whereas GI I all do not adsorb any colicin molecules.
Holland (22) has reported that a majority of tol mutations are temperature conditional. However, G1 le 1 was tolerant to colicin E2 at all temperatures tested (24 to 42 C).
Survival of tolerant strains in the presence of colicin is often less than 100% (cf. Fig. I and 2 ; references 22 and 36). This could be because the cells are particularly susceptible to the killing action of colicin at one specific stage in the division cycle. However, the experiment described in Fig.  2b does not favor such a conclusion, since consecutive addition of colicin did not increase killing of Gllel.
Reversal of colicin tolerance by Mg2+ ions. In a previous paper (43) , we reported that the phenotype of the class II mutant Gl lel could be partially reversed by divalent cations. Table 2 shows that this also applies to colicin tolerance. Increasing concentration of Mg2+ ions in the pregrowth medium and during colicin treatment gave rise to a gradually increasing sensitivity of strain G I le 1 to colicin E2. However, even at very high concentrations of these ions, G1 le 1 was not as sensitive as GI la . Figure 3 shows the kinetics of transition from tolerance to sensitivity and vice versa. The cells were grown for several generations, and the response to colicin E2 was measured after each doubling. Several generations were required to obtain the degree of sensitivity that was typical for the medium used after the shift. Transition from tolerance to sensitivity was somewhat slower than transition from sensitivity to tolerance. The medium shifts had no Table 3 shows that ampicillin spheroplasts of both G Experiments with LPS. In previous experiments (43) , G1 le cells showed leakage of a periplasmic enzyme (penicillinase) during normal growth and slow adsorption of phage T4. This suggests a disturbance in the cell envelope LPS which is known to take part in T4 adsorption (53, 55) and which is supposed to be an important part of the "outer membrane" of gram-negative cells. However, a chemical analysis of the polysaccharide part and determination of total Nacetylglucosamine and phosphate showed no significant difference between Gl lal and Gl lel (Table 4) .
LPS from strains GlIal and Gl lel was tested for inactivation of phage T4. However, in no case did EDTA-or phenol-extracted LPS preparations show any inactivation of phage T4 up to the highest concentration of LPS tested (0.5 mg/ml).
We also tested to see whether incubation of Gllal cells with phenol-extracted LPS from Gl lel could influence the sensitivity to colicin E2 of these cells. The experiment reported in Table 5 indicates that this treatment rescues the cells from the killing action of colicin E2. Preincubation of colicin E2 with LPS alone had no inhibitory effect on colicin E2.
Revertants and mutants. G le was originally isolated on rich medium plates containing ampicillin (14) . In Table 6 are summarized some phenotypic properties of 86 independent, spontaneous, ampicillin-resistant (class II) mutants of GI al. Two properties, response to cholate and to colicin E2, were studied and all four possible phenotypes were obtained. In the same table we report the result of a study of 29 cholate-resistant clones isolated from G le l. They were tested for two phenotypic properties, level of ampicillin resistance (class I or class 11) and response to colicin E2. Clones were also found showing each of the four possible phenotypes. Thus, there is no strict correlation between these envelope effects.
Mapping of the mutation giving the class II phenotype in Gllel. Preliminary experiments indicated that the mutation giving the class II phenotype in G I le l was located in the pro-trp region of the E. coli K-12 chromosome.
We tried to locate the mutation that gives the class II phenotype in Gl lel by crosses. It was not possible to use interrupted-mating experiments, partly because a long time is required for phenotypic expression of this mutation (cf. the shift experiments described above and in Fig. 3) , partly because the mutation (tolD in Fig. 5 ) is injected as a very late marker by Gllel. We therefore used a number of females as recipients and selected for the transfer of prototrophic markers or galactose fermentation. Recombinants were picked and tested for cotransfer of other markers including response to cholate. The class 11 phenotype was also checked by testing the recombinants on LA plates containing different amounts of D-ampicillin. We used the gradient method for the mating experiments (19) . This method allows recombinants to be formed from the zygotes before spreading on selective media and it also allows time for phenotypic expression.
The results of the crosses are summarized in 'Cells were treated with EDTA and MgCI2 as described in footnote e. They were then washed twice in 0.9% NaCl, and 50 ,g of trypsin per ml was added. After 30 min at 37 C, the cells were centrifuged and washed twice in 0.9% NaCl. Finally, they were resuspended in LB and tested for killing by and adsorption of colicin E2. 9 EDTA-lysozyme spheroplasts were prepared by harvesting the cells, chilling to 0 C, and centrifugation at a cell density of 4 x 108 cells per ml. After washing, the cells were suspended in 0.05 M potassium phosphate buffer (pH 7.2) containing 20% sucrose; 1 mm EDTA and 20 ug of lysozyme per ml were added, and spheroplasting was allowed to continue for 30 min at 37 C.
h Spheroplasts were made from bacteria growing in LB-S by adding 500 ,Ag of D-ampicillin per ml at a density of 10 cells/ml and incubating at 37 C for 60 min with aeration. The 5 . The result shows that the studied mutation is located between pyrD and gal.
All these data limit the region in which the mutation can be located to 18 to 21 min on the E. coli K-12 chromosome. However, as these crosses involved the very last region that is transferred by G el, very low yields of recombinants were obtained. We therefore selected one His+ recombinant from cross 1 and used this strain (D21-C19) in crosses 6 and 7. D21-C19 is trp, pro, cho-s and F-(determined by using phage MS2). Thus, by using wild-type (cholate-resistant) donors, we studied the transfer of cholate resistance as an early marker. We selected two Hfr strains with opposite direction of transfer. Both crosses indicated a position between proB and trp.
The results of crosses 1, 5, and 6 can be plotted by the gradient method. The result is shown in Fig. 4 . Cross gives a slightly less reliable result than the other two since a rather long extrapolation has to be made here. Therefore, the most probable map position for the mutation that gives the class II phenotype in Gl lel is 20 min (tolD in Fig. 5) . Dominance studies. Secondary F' clones from Gllal and Gl lel carrying the trp or pro-trp region were isolated by mixing 5 x 107 donor cells (GIlIal or Gilel) with 5 x 108 recipient cells (recA derivatives of DlI or D21, strains D114 and D214, respectively) per ml. After 30 min at 37 C, the cells were concentrated 10 times, shaken thoroughly to break all pairs, and spread on different selective media with streptomycin used to counter-select the donor strain. The frequency of F' clones obtained was 2 x 10-8 to 10-7 per input donor. When selected for Trp+, about 90% of the clones also contained pro+. The former is a late and the latter an early marker on the G1I chromosome. Purified clones were tested for ampicillin resistance. The results are summarized in Table 8 . In the experiment with D214 as recipient, the F' clones were tested for cholate resistance; all clones with F' factors derived from G 11 a 1 were found to be resistant whereas those with F' factors from G 1 le were sensitive to cholate. Corresponding results were obtained when ampicillin resistance was tested. It should be observed that recA, as other mutations that significantly reduce growth rate of the cells, results in a decreased ampicillin resistance. However, a comparison between the corresponding heterogenote pairs (e.g., D214/F'-Gllal versus D214/F'-GI lel) shows that the class II mutation in Gl lel when present in the F' factor increases ampicillin resistance by 50 to 100%. We also observed that when Gllel was the donor all F' clones were mucoid. The crosses with strain D 114 as recipient were the exception, since in this case about 20% of the F' clones from both donors were considerably more resistant to ampicillin than the majority of the F' clones. Presumably the F' factor in those cases also contained the ampA gene (at 82 min on the E. coli K-12 chromosome). The sizes of the F' factors were not determined since they were transferred poorly when the secondary F' clones were tested for F' donor capacity. However, they could be cured with acriflavine. DISCUSSION Genetics. The class II mutation in G I lel gives pleiotropic effects on the phenotype of the cells (43) . In a previous paper (43) , other mutations in the pro-trp region on the K-12 chromosome were surveyed. The phenotype of G Ie I resembles that of mutants in the tolIII-tolIV gene(s) (also denoted tolA, reference 51) described by Nomura and Witten (42) and by Nagel de Zwaig and Luria (36) . These mutations are cotransducible with gal (at 17 min on the E. coli K-12 chromo- Taylor (51) . The approximate map position (20 min) of the mutation described in this paper is indicated by the temporarily adopted gene symbol tolD.
creased chromosomal and episomal resistance to chloramphenicol in GI lel resembles that of mutants in the cmlA and cmlB loci. These genes are located in the region bio-pyrD (46, 47) , i.e., in the same part of the chromosome as the class 11 mutation in GI le l.
Because colicin tolerance is the most striking effect on the phenotype of the class 11 mutation in strain Gllel, we propose that the corresponding gene is denoted tolD until the exact gene product is known.
An interesting finding was the dominance of the tolD mutation in partial diploids (Table 8 ). This may indicate that the mutation concerns a regulatory gene rather than a structural gene.
Nature of the colicin receptors. Guterman and Luria (18) reported that LPS from wild-type E. Table 5 shows a similar result for colicin E2. However, as Guterman and Luria pointed out, these data do not show that the LPS contains colicin receptors. It is quite probable that the protecting effect is due to nonspecific coating of the cells with LPS. In the experiments reported in Table 5 , a large excess of LPS was required to give any protecting effect; the solution contained, per milliliter: LPS, from about 1010 cells and about 3 x 108 cells. LPS itself had no colicin E2-inactivating effect. This finding makes the role of LPS as receptor of colicin E2 even more uncertain.
Biochemical basis of colicin tolerance. We suggest that at least two types of colicin-tolerant mutants exist, target (membrane) mutants and mutants with a changed envelope which reduces the probability of an adsorbed colicin molecule to reach its true "receptor" (target).
At least two of the many tol mutants of E. coli K-12 reported seem to be true "colicin pathway" (target) mutants. One is refIl, causing tolerance to colicin E2 only, described by Holland and Threlfall (24) . This mutation is concerned with the activity of a deoxyribonuclease. The other is a colicin El-tolerant mutant whose cytoplasmic membrane is resistant to the action of colicin El (5).
Smarda and Taubeneck (49) showed that some colicins adsorb directly to the cytoplasmic membrane of certain bacterial L forms. However, with colicin-sensitive bacteria, there seems to be a significant degree of nonlethal adsorption of colicin molecules in their envelopes (23) . About 3,000 colicin molecules may be adsorbed by one bacterium. This amount of colicin corresponds to 30 killing units (33) , i.e., only one out of 100 adsorbed colicin molecules finally reaches its target site.
Many disturbances in the composition or the steric organization of the cell wall might lead to increased trapping or repulsion of various molecules, e.g., colicins. Some tol mutants and our colicin-tolerant penicillin spheroplasts (experiment 5, Table 3 ) may thus have envelopes which reduce the probability of lethal interaction between an adsorbed colicin molecule and a target site. This can also explain why different tol mutants often are killed by the actual colicin to a certain extent (see Fig. I and 2, and references 22 and 31).
The importance of envelope organization is emphasized by the fact that divalent cations could restore colicin sensitivity in the tolerant strain GI le 1 and that this phenotypic reversion was not an all-or-none phenomenon (Table 2) . Divalent cations are known to act by crosslinking various components of the gram-negative cell envelope (3, 11, 17) . Carson and Eagon (8) showed that such links (ionic bonds) are of importance for cell envelope rigidity of Pseudomonas aeruginosa. GI lel has a slightly reduced osmotic stability compared to G 1 la 1, but Mg2+ ions strengthened the cells (43) .
However, the suggested role of a change in LPS structure in causing the colicin tolerance of the mutant GI lel could not be seen to be supported by chemical analyses of the polysaccharide part of its LPS (Table 4) . Our experiments also failed to show adsorption of phage T4 to E. coli K-12 LPS. This is in contrast to the reports that phage T4 can be adsorbed to LPS from E. coli B (53, 55) . The discrepancy between in vivo and in vitro results for E. coli K-12 may be due to different conformation of the LPS molecule in the two states.
Cell wall polymer biosynthesis proceeds in the absence of protein synthesis, but requires energy. Transition from sensitivity to tolerance in two temperature-dependent tol mutants was also shown to require energy but not protein synthesis (42) . In this experiment, a defective (changed) cell envelope might have been synthesized during incubation after temperature shift. Other temperature-dependent tol mutants seem to require protein synthesis for conversion in either direction (37) . Also in our shift experiments with Mg2+ ions, the change from sensitivity to tolerance was a rather slow process, and the time required for the opposite change was somewhat longer (Fig.  3) . This also indicates that synthesis of a modified envelope after shift of medium is necessary for transition.
In conclusion, we believe that the increasing number of loci on the E. coli chromosome which control the action of phages, colicins, and different toxic substances actually often concern the cell envelope as such, rather than specific targets or transport systems for these attacking agents.
